Commercial fishers of blue swimmer crabs in Western Australia use ice-water slurries to pacify crabs and thereby minimise the damage caused by on-board handling. This study investigated the effect of exposure to ice-water slurries on the mortality and recovery rate of male and female blue swimmer crabs, and on egg loss and the viability of the surviving larvae of ovigerous females. The temperatures (0-158C) and durations (15 seconds to 30 minutes) of exposure in the trials were within the range used by commercial fishers in order to determine the combination of temperature and duration that would pacify the crabs while minimising recovery time. Exposure to ice-water slurries did not kill the crabs except in the most extreme treatments, e.g., 08C for 30 minutes. However, both temperature and exposure time had a significant effect on recovery time, which decreased with increasing temperature. Treatments above 68C had little impact, with crabs recovering instantly, even with 60-second exposure. Exposure to low temperatures did not result in significant egg loss, although females may lose part of their egg mass during on-board handling. Similarly, the effect on the developing larvae was not apparent unless the ovigerous female died. Although exposure of ovigerous and nonovigerous crabs to ice-water slurries had only minimal immediate effects, exposure to 68C for 30 seconds is recommended, as it adequately pacifies crabs for handling and results in a minimum recovery period which may be important in minimising secondary effects.
The blue swimmer crab, Portunus pelagicus Linnaeus, 1758, is abundant in marine and estuarine waters throughout the Indo-West Pacific (Kailola et al., 1993; Stephenson, 1962) , where it is the basis of important commercial and recreational fisheries. In Australia, commercial catches of blue swimmer crab have increased rapidly with changes in gear and fishing technology, reaching 2000 t in 2000/01. The blue swimmer crab fishery in Western Australia (WA) has changed dramatically since the early 1990's, not only in value and size but also in fishing practices. With a total commercial catch of 754 t in 2001/02-making it the largest in Australia-fishers are looking at different ways to improve on-board handling to minimise damage and increase catch value.
In commercial situations, it is important that effects such as autotomy do not harm the quality of the product, and toxic chemicals cannot be used to minimize this impact (Gardner, 1997) . Crabs with excessive appendage loss due to onboard handling are downgraded from premium product, such as live export, whole cooked or raw, to lower-value product such as picked meat. Depending on the market, this may result in a significantly reduced profit. Previous studies have shown that short-term exposure to low temperatures decreases vigour and makes crabs easier to handle (Carls and O'Clair, 1990) , improves meat quality (Hughes and Stevens, 1998) , and may also reduce limb autotomy.
While ice-water slurries improve the quality of the retained catch, the effects on discarded crabs (i.e., under legal size or ovigerous) are a major concern. The sorting and handling of discards may play a significant role in the reproductive success of a crab population (Murphy and Kruse, 1995) . Injury, limb loss, and mortality can be the immediate effects of capture and handling. However, the long-term effects of exposure of crustaceans to very low temperatures may include reduced growth (Chittleborough, 1975; Davis, 1981) , increased intermoult period (Brown and Caputi, 1985; Kuris and Mager, 1975) , egg loss (Wehrtmann and Andrade, 1998), and increased susceptibility to predation and mortality (Brown and Caputi, 1985) . Exposing ovigerous crabs to extreme variations in temperature may vary the fitness of the larvae at hatching and success during subsequent life history stages (Laughlin and French, 1989) . Each of these effects could reduce overall productivity. Commercial crab fishers in Western Australia currently place the entire catch into ice-water slurry before sorting. Slurry temperatures have been recorded between 08 and 158C, although they are generally less than 108C. Crabs may be exposed to these extreme water temperatures for between one and 20 minutes. This catch may include ovigerous and under legal-size crabs; although they are returned to the water, their exposure to extreme temperatures may cause mortality or egg loss or reduce the viability of the eggs.
The objectives of the present study were to determine (1) the temperature and exposure time that result in significant mortality, (2) an optimal temperature and exposure time that pacifies crabs but minimizes recovery time of discards, (3) whether exposure to low temperatures causes egg loss of ovigerous P. pelagicus or influences the duration of egg incubation prior to spawning, and (4) the viability of P. pelagicus eggs exposed to ice-water slurries by determining the survival of stage 1 larvae.
MATERIALS AND METHODS

Sampling Location
Cockburn Sound, which is 20 km south of Perth, is an embayment 15 km long, 10 km wide, and about 100 km 2 in extent. The benthic habitat types and water depths within the sound range from the shallow, sheltered inshore waters less than 2 m deep with sandy bottoms, to expansive seagrass flats 2 m to 6 m deep, and the central basin with waters 17 m to 24 m deep. Cockburn Sound receives no freshwater discharge from rivers or streams; salinity is about 35 parts per thousand (ppt) all the year round (Hutchinson and Moore, 1979) .
Sample Collection
Crabs (n ¼ 155) were collected from Cockburn Sound in January and February 2003 by commercial vessels using crab traps and transported between layers of damp foam to the laboratory. They were then acclimatised for 24 hours in aquaria containing seawater at ambient temperatures (188C). The crabs collected (both males and females) ranged in size from 120 mm to 140 mm carapace width (CW), which is the most common size caught in commercial catches. Of the ovigerous crabs collected, only those at stage 1 (carrying yellow eggs) (n ¼ 48) were used in the experiment. The work was conducted in purpose-designed aquaria at the WA Marine Research Laboratories. Control crabs for all of the trials were kept in ambient seawater (188C) throughout the experiment.
Mortality Trials
Each crab was immersed in a seawater slurry at either 08, 58, 108, or 188C (control) for either 5, 10, 15, 20, 25 or 30 minutes (which approximates commercial conditions). Salinity was maintained between 30 ppt and 35 ppt throughout the experiments. After exposure, the crabs were placed upside down in ambient seawater (188C). Recovery was measured as the time taken for the crab to right itself (Carls and O'Clair, 1990) , any crab that did not right itself after two hours or did not respond when prodded was recorded as dead. Thereafter, crab mortality was monitored every 24 hours for 72 hours after the experimental treatment. Each treatment was replicated five times, with a different crab used for each trial.
Recovery Trials
Pilot time/temperature matrix experiments conducted in the laboratory indicated that temperatures above 128C did not pacify crabs. Therefore, each crab was immersed in an ice water slurry at either 08, 28, 48, 68, 88, 108, 128, or 188C (control) for either 15, 30, or 60 seconds and the effects on recovery time were recorded. After exposure the crabs were placed upside down in ambient seawater. Recovery was measured as the time taken for the crab to right itself (Carls and O'Clair, 1990) . Each treatment was replicated five times, with a different crab used for each trial. The effect of time/ temperature of ice slurry on the recovery of crabs was analysed by univariate analysis of variance (ANOVA).
Egg Loss in Ovigerous Females
Each ovigerous female was immersed in an ice-water slurry at either 58, 108, 158, or 188C (control) for 5, 10, or 15 minutes and then returned to aquaria containing ambient seawater (188C). Each treatment was replicated four times, with a different crab used for each trial.
To remove extraneous organic matter and dead or damaged eggs, ovigerous females clean the egg mass with the dactyls of the pereopods and by pulsating the abdomen (Meagher, 1971) . Therefore any eggs damaged during the treatments were removed by the ovigerous female and sank to the bottom of the aquarium. To collect the eggs, the water in each aquarium was siphoned through filter paper daily until hatching occurred. The number of days between exposure to the experimental treatments and spawning was recorded. Filter papers with any dead or damaged eggs were frozen until the end of the trials. They were then washed off into glass beakers with 100 mL of distilled water. The solution was stirred to obtain an even suspension of eggs, and 20 mL of the solution was removed and placed into a petri dish for egg counts under a dissecting microscope.
The total number of dead or damaged eggs in each treatment before spawning was expressed as a proportion of the expected number of eggs carried by each ovigerous crab. The number of eggs produced by females varies with the size of the individual-in general, larger females produce more eggs-but also varies between individuals of a similar size (Kangas, 2000) . To calculate the expected fecundity of individual females, their carapace widths were first converted to weight. Potter et al. (1983) determined the relationship between body weight (W, g) and carapace width for female P. pelagicus in Peel-Harvey Estuary to be Log W ¼ log 2.56 3 10 À5 þ 3.260 log CW. Crab fecundity was then estimated by Ingles' and Braum's (1989) equation expressing the relationship between weight and fecundity of P. pelagicus in the Philippines F ¼ 972.75W 1.23 , where; W ¼ weight, F ¼ fecundity.
The effects of the different temperatures and exposure times on egg loss were tested with univariate ANOVA.
Viability of Egg Trials
Twelve larvae hatched from each of the females exposed to the ice-water slurries (n ¼ 432) were randomly selected and placed in individual wells of tissue-culture plates containing filtered seawater (34 ppt). The experiment was maintained in a room held at a constant temperature (248C). The seawater was changed daily by gently pipetting the larvae into clean tissueculture cells containing filtered seawater. The experiments were maintained for three days after hatching, with mortality recorded daily.
RESULTS
Mortality Trials
The highest mortality (40%) was recorded in crabs exposed to 08C for 30 minutes. Mortality of crabs occurred within 24 hours of exposure to the experimental treatments. Crabs exposed to 08C for 25 minutes, to 08C for 15 minutes, and to 58C for 15 minutes recorded 20% mortality. No other combination of temperature and exposure resulted in mortality.
Recovery Trials
Both temperature and exposure time had a significant effect on recovery (P , 0.05): recovery time decreased with increasing temperature. This pattern was consistent throughout the different exposure times (Fig. 1) . Recovery time generally increased with increasing exposure time at each temperature. However, the interaction of temperature and exposure time did not have a significant effect (P . 0.05). Crabs exposed to 88C and higher for either 15 or 30 seconds recovered immediately, indicating that slurry temperatures greater than 88C are ineffective as a pacifier (Fig. 1) . Of those crabs that did not recover immediately, those held at either 68C for 15 seconds or at 128C for 60 seconds exhibited the fastest recovery times and recoveries that did not differ significantly from one another (P . 0.05). The recovery period of crabs exposed to all the reduced temperatures for 60 seconds was slower than the recovery of those exposed for shorter periods.
Egg Loss in Ovigerous Females
Neither temperature nor exposure period significantly affected the length of time before spawning (P . 0.1). Similarly, they did not affect percentage egg loss (P . 0.05) Fig. 1 . The effect of reduced temperature and duration of exposure in ice slurry on recovery rates (6 SE) of male and female blue swimmer crabs. A sample size of five applies to each treatment. compared to the ambient treatments. Excluding the control crabs held at ambient temperatures, egg loss was higher for crabs exposed to the nonambient temperature treatments for the longest duration, although this difference was not significant (P . 0.05) (Fig. 2) . Percentage egg loss was the lowest (0.2% 6 0.09) for crabs exposed to 58C for 5 minutes and highest (1.5% 6 0.83) for crabs exposed to 108C for 15 minutes, but these did not differ significantly (P . 0.05).
Viability of Eggs Trials
The survival rate of P. pelagicus larvae in every treatment declined significantly (P , 0.05) each day after hatching (Fig. 3) . Although neither temperature nor exposure time had a significant effect upon larval survival (P . 0.05).
DISCUSSION Survival
Ice-water slurries are used by commercial fishers to pacify crabs to prevent damage during on-board handling, as premium product achieves a high market price. However, preventing appendage loss and damage also helps ensure the survival of returned crabs (i.e., under legal size and ovigerous) and to maintain the breeding capacity of the population. Damaged females may divert energy to regenerating lost limbs rather than producing eggs, which could result in smaller broods or failure to reproduce at all (Norman and Jones, 1993) . Exposure to ice-water slurries did not have a significant effect on the mortality of blue swimmer crabs (P . 0.05) for reasonable periods of exposure, e.g., less than 15 minutes. High mortality was recorded in only the most extreme treatment (08C for 30 minutes). However, mortality and injury due to cold exposure have been reported for commercially harvested decapod crustaceans that inhabit lower latitudes (Brown and Caputi, 1983; Brown and Caputi, 1985; Vermeer, 1987; Carls and O'Clair, 1990) . Carls and O'Clair (1990) , working on ovigerous red king and tanner crabs, reported that while cold air exposure decreased vigour, only under extreme conditions did limb autotomy and mortality occur. The ability of crabs to right themselves after they were placed on their backs proved to be a sensitive measure of crab viability after exposure. Previous studies correlated this response with less immediate responses such as mortality, the frequency of abnormal ecdysis and rate of growth (Carls and O'Clair, 1990) .
Recovery Times Both temperature and exposure time had a significant effect on the speed of recovery time. Recovery time decreased with increasing temperature, with treatments of 88C and above being ineffective for pacifying crabs. Previous studies have suggested that temperature and length of exposure are critical factors in determining the stress of handling crustaceans (Brown and Caputi, 1985; Carls and O'Clair, 1990) . Carls and O'Clair (1990) report that, after sublethal exposure to low air temperatures, red king and tanner crabs had slowed righting responses, delayed completion of ecdysis, depressed feeding rates, and reduced growth. In contrast, western rock lobster (Panulirus cygus George, 1962) was significantly affected by 15 minutes or more of warm-temperature exposure; recapture rates were lower than for unexposed controls, which implies a rise in mortality due to predation (Brown and Caputi, 1983) . In the present study, blue swimmer crabs exposed to temperatures less than 68C were slow to right themselves: some took more than 2.5 minutes to recover after a 60 second exposure to 08C. Ice-water slurries on commercial crab vessels in Western Australia are generally between 38 and 108C.
Although there are no data on the time crabs remain in slurries, it is likely, based on the fishers' statements, that it is more than five minutes. However, our experiment showed that crabs survive much lengthier exposure at far lower temperature. It is possible that the crabs' responses are slowed, making them more vulnerable to predation.
Egg Loss and Viability Exposure to reduced temperatures did not result in significant egg loss; however, females may lose part of their egg mass during on-board handling. Previous authors have suggested that decapods may lose up to 47% of their initially extruded embryos during embryogenesis (Wehrtmann and Andrade, 1998). Larger female decapods tend to lose considerably more embryos than smaller females (Kuris, 1991) because the exponential increase of clutch size with maternal size means the available space for egg attachment and development is not sufficient for all of the egg mass (Kuris, 1991) . Chilling did not appear to increase egg loss or affect viability in small Heterocarpus reedi Bahamonde, 1955 (deep water shrimp), but large females suffered substantial egg loss (Wehrtmann and Andrade, 1998). We did not examine the relationship between female size or clutch size and egg loss when females were exposed to low temperatures, as the size range we selected was the range normally caught in commercial traps. Over the size range, no size-related differences in egg loss were detectable.
In the ''commercial'' size range we studied, the developing larvae of exposed females were significantly affected only if the females died, as a result of the treatment. If ovigerous females survived, hatch timing, percentage hatch and zoeal viability were not affected. Subsequent responses, such as survival past the first moult and zoeal growth were not examined. Similarly, the larvae of ovigerous red king and tanner crabs died if exposure to low temperatures killed the ovigerous females before hatching. However, the timing of larval release, larval swimming ability and viability and the percentage of eggs remaining in the clutch at ecdysis were not affected by the females' exposure (Carls and O'Clair, 1990) .
Conclusion
Exposure to reduced temperatures, such as in ice slurries, appears to have little effect on survival of either ovigerous or nonovigerous crabs, except with long exposure to low temperatures. Therefore it is recommended that crabs are immersed in ice-water slurries of 68C for 60 seconds so that crabs are pacified, but not cold-stunned, to allow rapid recovery when returned to the water so they are less susceptible to predation and, possibility, secondary effects.
